Watermelon vine decline (WVD) caused by the whitefly-transmitted Squash vein yellowing virus (SqVYV) has been a serious limiting factor in watermelon production in southwest and west-central Florida over the past few years. Symptoms of WVD typically appear as sudden decline of vines a few weeks before harvest or just after the first harvest. Fruit symptoms include rind necrosis and flesh discoloration that affects fruit quality and marketability. The combination of insecticide treatments consisting of an imidacloprid drench (Admire Pro, 560 ml/ha) at transplanting followed by two foliar applications of spiromesifen (Oberon, 2SC, 490 ml/ha) and reflective plastic mulch was evaluated for management of WVD during fall growing seasons of 2006, 2007, and 2009. Virus inoculum source was introduced by planting SqVYV-infected squash plants at the ends of each plot. In all three experiments, the insecticide-treated plots had significantly lower levels of WVD on foliage and fruit compared to non-treated plots. In 2007, the reflective plastic mulch was effective in reducing foliar WVD compared to non-reflective mulch, but not in 2006 and 2009. No significant interaction between plastic mulch and chemical treatments was observed on WVD development on foliage or fruit. Our results suggest that application of insecticides for managing whiteflies can help manage SqVYV-caused WVD.
INTRODUCTION
Watermelon vine decline (WVD) caused by Squash vein yellowing virus (SqVYV, genus: Ipomovirus, family: Potyviridae) has caused substantial losses for watermelon [Citrullus lanatus (Thunb) Matsum. and Nakai] producers in southwest and westcentral Florida since 2003 (Roberts et al. 2006; Huber 2006) . The disease occurs during both the spring and fall growing seasons and appears as a severe and sudden decline of watermelon vines and foliage as the crops approach harvest or soon after the first harvest. The symptoms include yellowing, scorched or brown leaves, defoliation, and wilting of the vines leading to a rapid collapse of mature plants. The disease can progress rapidly with incidence of vine decline increasing from 10 to 80% within a week in some fields. Fruits from declined plants are generally unmarketable and exhibit symptoms of rind necrosis and fruit decay, although externally the fruits appear normal (Roberts et al. 2006; Huber 2006; Adkins et al. 2007 ). Losses to Florida watermelon growers due to WVD during 2003 to 2004 seasons ranged from 50% to 100% at an estimated value of $60-$70 million US dollars (Huber 2006) . In response to these devastating losses, the National Watermelon Association considered WVD as a top research priority (Morrisey 2006) for which management solutions were sorely needed.
SqVYV is transmitted by whiteflies (Bemisia tabaci, Biotype B) in a semipersistent manner (Webb et al. 2012) , and can also be mechanically transmitted ; ). SqVYV is now widely distributed in southwest and westcentral Florida ) and it has also been detected in Indiana (Egel and Adkins 2007) , South Carolina (Kousik and Adkins, unpublished) , Georgia Adkins et al. 2011) , and more recently in California (Batuman et al. 2015) . However, WVD is not endemic in South Carolina, Indiana or Georgia. WVD has become endemic in Florida, particularly southwest Florida, and has appeared to varying degrees every year since it was first observed .
The known host range of SqVYV is limited to cucurbits with the most striking symptoms of vine decline (WVD) observed primarily in watermelon Webster et al. 2013) . Recently, other cucurbits were also shown to decline under experimental conditions . The cucurbit weed, balsam-apple (Momordica charantia L.), commonly found in Florida fields, was identified as a reservoir host for SqVYV . Another cucurbit weed, Cucumis melo var. dudaim, commonly known as smell-melon was also identified as a reservoir host for SqVYV ). Two other whitefly-transmitted viruses infecting cucurbits, Cucurbit leaf crumple virus (CuLCrV) and Cucurbit yellow stunting disorder virus (CYSDV), have also been reported from Florida Akad et al. 2008 ). These two whitefly-transmitted viruses along with the aphid-transmitted Papaya ring spot virus (PRSV-W) are often found in mixed infections with SqVYV Akad et al. 2008; Turechek et al. 2010 ). However, studies have shown that SqVYV alone is sufficient to cause symptoms of decline in watermelon ).
One of the primary strategies for managing insect-transmitted viruses is to target the control of their vector populations (Broadbent 1957; Zitter and Simons 1980; Hilje et al. 2001; Perring et al. 1999) . Various strategies have been evaluated for managing whiteflies, but the use of insecticides is the most common and effective practice. Of the many successful cases that report effective control of virus through vector management, a significant percentage is of persistently or semipersistently transmitted viruses (Perring et al. 1999 ). There are several insecticides available for managing whiteflies that encompass various modes of action as defined by the Insecticide Resistance Action Committee (IRAC) . Of these, the neonicotinoids (e.g., imidacloprid) have been very effective for managing B. tabaci in numerous vegetable production systems (Palumbo et al. 2001; Nyoike and Liburd, 2010; Liu 2002; Stansly et al. 1998) .
The use of UV-reflective (silver) plastic has also shown to be effective at managing whiteflies, as well as the viruses they transmit. The reflected sunlight is thought to disorient whiteflies and discourage them from landing on the host plant. In several studies, reflective plastic mulch reduced whitefly populations in cucurbits (Summers et al. 2004; Nyoike et al. 2008; Nyoike and Liburd 2010) . Simmons et al. (2010) demonstrated that the use of reflective mulches can help reduce whitefly populations on watermelon leaves by 48% in the greenhouse. Schuster et al. (2007) demonstrated a reduction in Tomato yellow leaf curl virus (TYLCV) incidence in plots with reflective silver plastic mulch relative to plots with standard non-reflective plastic mulch. There is extensive literature on how to use reflective mulch and insecticides to manage whitefly populations and the viruses they transmit for a wide array of crops as described above. However, these established practices have not been tested for managing SqVYV in watermelon. The objective of this study was to determine if applications of insecticides and the use of reflective plastic mulch could help manage SqVYV-caused WVD. Parts of this research have been published as an abstract or PDMR report .
VIRUS SOURCE AND INOCULUM PLANTS
The squash isolate of SqVYV, initially isolated from Hillsborough County, FL was used in all the experiments. To prepare plants for use as an SqVYV inoculum source, squash (Cucurbita pepo) seedlings of cv. Prelude II (Seminis Seeds, Oxnard, CA) were mechanically inoculated using techniques described previously . Briefly, symptomatic squash leaves were macerated in sodium phosphate buffer (20 mM, pH 7.0) containing sodium sulfite (0.1%, wt/vol) and celite (1%,wt/vol) using a sterile mortar and pestle to prepare the inoculum. Freshly prepared inoculum was gently rubbed on cotyledons and the first true leaves of squash seedlings using a cheeses cloth ). Inoculated squash plants were maintained in a greenhouse and observed for symptom appearance prior to transplanting. Approximately three-week-old symptomatic squash plants were transplanted into the experimental plots to serve as the SqVYV-inoculum source for all experiments as described below.
REFLECTIVE PLASTIC MULCH AND INSECTICIDE TREATMENTS
The experiments were conducted during the fall growing seasons of 2006, 2007, and 2009 Treatments were arranged in a split plot experimental design. Plastic mulch treatments (reflective and non-reflective mulch) were assigned to whole plots in a randomized complete block design with four replications (eight beds in total). Split plot treatments consisted of an insecticide treated and a non-treated check plot assigned randomly within each whole plot. Each split plot had 30 plants with 61-cm plant-to-plant spacing. Thus, each whole plot had 60 plants. The whole plots were 42 m long with 3.7-m spacing between the insecticide treated and non-treated plots. Symptomatic squash plants were planted at both ends of each split plot to serve as a source of initial inoculum, a technique that has been effective for evaluating host resistance to SqVYV ). Though WVD occurred naturally in southwest Florida and had caused serious losses, it did not occur uniformly across the region. In addition, the disease pressure was not high in the region during every year of the study. Therefore, to ensure adequate disease pressure to help evaluate the effect of reflective mulches and insecticide treatments, we introduced symptomatic squash plants as a virus source in all the plots. About one hour after transplanting, imidacloprid (Admire Pro, Bayer Crop Science, Research Triangle Park, NC, USA) was applied as a soil drench in the insecticide-treated plots at the rate of 560 ml/ha (8 fl oz/acre) for managing whiteflies. Additional insecticides for whitefly management included two foliar applications of spiromesifen (Oberon 2SC, Bayer Crop Science, Research Triangle Park, NC, USA) at the rate of 490 ml/ha (7 fl oz/acre), and were only applied to the insecticide-treated plots once in October and once in November. The insecticide was applied using a CO 2 -pressurized backpack sprayer calibrated to deliver 281 liters/ha (30 gal/A). The virus source plants at the ends of insecticide-treated plots were also treated with both the insecticides. Guidelines for standard watermelon production established by the University of Florida/IFAS were followed for land preparation, fertility, irrigation, and routine weed management (Olson et al. 2009 ).
Plants were monitored every other week for symptom appearance. All plants were rated on a 1-9 scale ) where scores are based on a combination of percent foliage affected and severity of symptoms of WVD as indicated: 1 = 0% (no symptoms), 2 = 1-3% (very minor chlorosis/vein yellowing, no necrosis), 5 = 26-35% (chlorosis of most basal leaves, necrotic streaks in petioles and/or tendrils), 8 = 66-80% (necrosis of most leaves, stem necrosis and slight collapse, stem tip dead), 9 = 81-100% (plant dead or nearly dead). In 2006, WVD ratings were recorded on 31 October, 20 November, and 4 December. In 2007 WVD ratings were recorded on 27 September, 18 October, 27 November, and 10 December. In 2009 WVD ratings were recorded on 30 Oct, 18 Nov, 30 Nov and 17 Dec.
The total number of fruit and the number of fruits with a greasy or necrotic rind and/or rotting flesh, which are also symptoms of WVD ) were recorded on 4, 10, and 17 December in 2006, 2007, and 2009, respectively . Detailed description and pictures of fruit symptoms have been presented before Kousik et al. 2012) .
The primary objective of the experiments were to determine if applying whitefly management techniques could help manage WVD. However, to get an idea of basic effectiveness of the treatments, we also recorded whitefly counts. Within each plot, the number of adult whiteflies on the abaxial surface of 15 fully expanded leaves was counted on the days the plants were rated in 2007 and 2009. Leaves were randomly selected and located approximately 61-cm apart (2 feet) within the plot. To count the number of whiteflies, the leaves were turned over gently and the number of adult whiteflies were counted in situ as described before by others (Palumbo et al. 1995; Liu 2002; Nioykie and Liburd 2010) . Counting was done very early in the mornings when the whiteflies were still stationary.
STATISTICAL ANALYSIS OF TREATMENT EFFECTS
The WVD disease ratings data were analyzed as repeated measures data using the nonparametric analysis described by Shah and Madden (2004) and Brunner et al. (2002) . To perform the analysis, the SAS macro F1_LD_F2 was used to calculate the ANOVA-type statistic (ATS) to test for overall effects of mulching and insecticide treatments, time and their interactions on the severity of WVD caused by SqVYV, as well as for testing pairwise comparisons of the relative treatment effects (RTE) within factors (Arkitas and Brunner 1997). The nonparametric analyses described by Shah and Madden (2004) do not rely on any standard parametric distributions to characterize treatment effects (e.g., mean and variance). Rather, for any given variable measured in the experiment, individual treatment effects are characterized through their relationship to the overall (normalized) distribution of the data in the experiment. These are known as the relative treatment effects (RTE). An RTE of 0.5 indicates that there is no evidence that an observations in the i th treatment to be larger or smaller than a random variable drawn for a distribution equivalent to the distribution of the data. An RTE >0.5 indicates that the treatment tends to be larger than an independent random variable drawn from the same distribution, and an RTE <0.5 indicates that the treatment tends to be smaller than an independent random variable drawn from the same distribution. Differences in RTEs and rank means are used to measure differences among treatments (Shah and Madden 2004) . The SAS macro LD_CI was used to obtain estimates of the RTE, rank means and their confidence intervals. Detailed descriptions of the statistical methods are provided by Shah and Madden (2004) and all SAS macros can be obtained free-of-charge at Dr. Edgar Brunner's website (http://www.ams.med.unigoettingen.de/sasmakr-de.shtml).
Data on percent fruits with WVD symptoms were arcsine transformed and then analyzed using the MIXED procedure of SAS for all three years. As no significant interaction between the mulch treatments and insecticide treatments was observed, comparisons were made between the insecticide treated and nontreated plots. In addition each year was considered as a replication and the data was analyzed to determine the overall effects of the insecticide treatments. Means were separated using Tukey's test (α = 0.05). Data on the number of adult whiteflies in each year were analyzed using the MIXED procedure of SAS.
INFLUENCE OF REFLECTIVE PLASTIC MULCH AND INSECTICIDE TREATMENTS ON WVD DEVELOPMENT
Symptoms of WVD on the foliage were first observed on the leaf petioles about a month after transplanting in all three seasons. The initial appearance of WVD symptoms was always on the plants adjacent to the squash plants that served as the source of initial inoculum. In all three seasons, plants in the insecticidetreated plots had significantly (P ≤ 0.05) lower levels of WVD compared to non-treated plants according to ANOVA type statistics (ATS, Table 1 ). Disease progress in 2006 was slow (average rating of 1.1 on the 1-9 scale) during the first two ratings at 28 and 49 days after transplanting (DAT). However at 70 DAT, disease progress was rapid and by 80 DAT, plants in the nontreated check plots were severely diseased (average rating 8.04 on 1-9 scale) compared to the insecticide treated plots (6.7 on the 1-9 scale). Similarly in 2007 the disease progress was slow during the early part of the season. However, by end of the season at 90 DAT, the non-treated plots had average ratings of 7.7 compared to 6.9 for the treated plots. Disease progress was rapid throughout the season in 2009 and at 55 DAT, disease ratings were lower for the insecticide treated plots (4.1) compared to the non-treated plots (5.2). However, by 72 DAT there were no clear differences in the WVD ratings between the non-treated plots (7.6) compared to the insecticide treated plots (7.3). The effect of the reflective mulch treatment was significant (P = 0.0312) for the experiment conducted in 2007 only. In 2009, the main effect of mulching treatment was not significant, however the effect of insecticidetreatment varied significantly according to the mulching treatment (P = 0.0256). No mulching effect was seen in 2006 (Table 1) .
Disease incidence (%) on fruit was recorded at the end of each trial. The insecticide-treated plots had significantly fewer fruits with WVD symptoms compared to the non-treated plots regardless of the mulch treatment in each of the three years (Table 2, Fig. 1 ). The incidence of WVD on fruit was not significantly Shah and Madden (2004) . b Indicates the effect of time on disease development over each season and determines if there was a significant effect of time on disease development.
different between mulch treatments in any of the three experiments. No significant interaction between the insecticide treatments and mulch treatments were observed in any of the three trials (Table 2) . In all three trials WVD symptoms on the foliage were significantly lower (P ≤ 0.004) as indicted by the relative treatment effect (RTE) and the rank means in the insecticide treated plots compared to the non-treated plots (Table 3 , Fig. 2 ). In 2006, 91% fruit in the non-treated plots had WVD symptoms compared to 66% in the insecticide treated plots. Similar results were observed in 2007 and 2009.
Total whitefly numbers in 2007 based on two counts during the season in the non-treated and non-reflective mulch plots was significantly higher than the treated plots. Similarly in 2009, the total whitefly numbers based on four counts during the season in Nontreated reflective mulch plots were significantly lower (Table  4 ) compared to the non-treated non-reflective mulch plots. Total whitefly counts in the insecticide treated plots in the nonreflective mulch or the reflective mulch were not significantly different in 2009. Overall, in 2009, the total adult whitefly counts were significantly lower in the insecticide treated plots (22.1 whiteflies/15 leaves) compared to non-treated plots (53.3/15 leaves, P = 0.0253). Adult whitefly counts recorded on October 18th in 2007, the second rating date, were lower in insecticide treated plots compared to non-treated plots (P = 0.0178). Although the whitefly counts were lower in the reflective mulch plot (13 adults/15 leaves), they were not significantly (P = 0.1509) different from the non-treated non-reflective mulch plot (21 adults/15 leaves). Similarly in 2009, on October 18th, adult whitefly counts were lower (P=0.0518) in insecticide treated plots (5 adults/15 leaves) compared to non-treated plots (10 adults/15 leaves). Whitefly counts were not recorded in 2006.
CONCLUSIONS AND MANAGEMENT IMPLICATIONS
In all three experiments, the insecticide-treated plots had significantly fewer symptoms of WVD on both the foliar and vine tissues and fruit suggesting that application of insecticides to manage whitefly populations can help mitigate the effects of SqVYV (Fig. 2) . Success of the insecticide treatments in reducing WVD can likely be attributed to the efficacy of whitefly Rank means and RTE = Relative treatment effect, were calculated according to methods described by Shah and Madden (2004) . b Data on WVD symptoms in fruit were collected at the end of each season by observing for internal flesh degradation and rind necrosis. c Means followed by the same letter for each year are not significantly different (α = 0.05). suppression by the two insecticides used in the study combined with the semi-persistent nature of SqVYV transmission (Webb et al. 2012) . Studies conducted in other cropping systems have similarly shown that the primary strategy for managing semipersistently transmitted viruses is through management of the vector populations (Broadbent 1957; Zitter and Simons 1980; Hilje et al. 2001; Perring et al. 1999) . There are many different insecticides available for managing whiteflies, however, imidacloprid and spiromesifen have been shown to be highly effective in managing all the developmental stages of the whitefly (Topanta et al. 2008; Palumbo 2009; Palumbo et al. 2001; Nyoike and Liburd 2010; Liu 2002; Stansly et al. 1998 ) and hence we used these two in our studies. Nonetheless, other insecticides can likely produce same or better results than what we observed. Currently, growers in Florida are advised to rotate insecticides with different modes of actions, especially the neonicotinoids (IRAC group 4A), for resistance management . Watermelon growers in Florida are advised to monitor whitefly populations to help better time application of insecticides. A significant increase of insecticide-resistant whitefly populations in Florida and other states to neonicotinoids has been reported (Schuster et al. 2006; Palumbo et al. 2001) . The biotype Q whitefly populations that are resistant to many of the commonly used insecticides is also a matter of great concern to growers and researchers (Dennehy et al. 2005; Schuster et al. 2007; Hodges and McKenzie 2008) . Therefore, from a long-term perspective, the development of sustainable strategies to manage SqVYVcaused WVD remains important. In addition to the use of insecticides for management of whiteflies and WVD, management strategies in Florida have also included destruction of cucurbit weed and post-cucurbit crop volunteer reservoirs Adkins et al. 2011; Webb et al. 2011 ). However, the complete elimination of virus reservoirs, particularly weedy hosts outside the perimeter of the planting is difficult to achieve and is not practiced widely .
Reflective plastic mulch has been shown to reduce whitefly populations in the field on melons (Summers et al. 2004 ) and on watermelon in open greenhouse and cage studies (Simmons et al. 2010) . In 2007, we observed significantly slower development of WVD on plants in the reflective mulch plot and lower incidence of fruit with WVD symptoms in the non-insecticide-treated reflective mulch plot compared to the non-insecticide-treated nonreflective mulch plots. However, the reflective mulch treatments were not as effective in 2006 and 2009 in reducing WVD symptoms, though, the total whitefly counts in the reflective mulch plots were lower in the non-treated reflective mulch plots compared to the non-treated non-reflective mulch plots. In a field study by Simmons et al. (2010) , no significant differences in the numbers of adult whiteflies in reflective or non-reflective mulch were observed in two out of three years. Further studies to determine the effect of reflective plastic mulch on whitefly populations and WVD development on watermelon may be needed.
FIGURE 1
Influence of insecticide treatments on watermelon vine decline (WVD) symptoms on fruit of Crimson Sweet in trials conducted during fall growing seasons of 2006, 2007, and 2009 at Immokalee, FL, U.S.A. Bars with the same letter in year are not significantly different based on Tukey's test (α = 0.05). Combined data from the three years (all years) also indicated similar differences between insecticide treated and non-treated plots.
FIGURE 2
Plants of Crimson Sweet watermelon in the foreground in the nontreated check plots that are dead due to Squash vein yellowing virus (SqVYV) caused-watermelon vine decline (WVD), compared to the plants in insecticide treated plots (above the dotted line) in a trial conducted in fall 2007 at Immokalee, FL, U.S.A.
Our efforts will continue to focus on integration of management strategies, which will include development of SqVYV resistant germplasm (Kousik et al. , 2012 , identifying additional whitefly management tools, and development of virus and whitefly monitoring tools for managing WVD.
